Any defects and cracks in pipe-in-pipes (PIPs) applied to deep-water and harsh environment are potential threats that can cause terrible economic damage or environmental pollution as triggering failures.
INTRODUCTION
There have been a number of research projects concerning development, transport and utilization of energy in efforts to solve the energy shortage problem. In particular, the demand for the green energy such as wind, hydroelectric and solar is increasing due to the growing interest in the environmental issues. However, it is very hard to ensure economic efficiency of the green energy with state-of-the-art technology. On the other hand, the demand of fossil fuels such as oil and gas increases continuously according to international energy agency (IEA) report [1] . Thus, to meet the demand of the traditional energy resources, mining sites have moved to deep water and arctic area [2] .
To transport the resources from the harsh environment, the robust piping system is required. A pipe-in-pipe (PIP) is one of the robust and functional piping systems. The PIP consists of primary and casing pipes. The casing pipe is utilized as secondary containment to prevent the leakage of a product to external environment. Also, it improves the integrity of the piping system. The PIPs have been primarily used as offshore pipeline to transport the submarine resource, besides, it applied to the design of next-generation of nuclear power plants. As the aforementioned applications, the PIP systems are usually used in industrial facilities that can cause terrible economic or environmental damage in case of pipe failure.
The integrity assessment of cracked pipes is generally performed using fracture mechanics parameters which are used to evaluate crack behaviors. Several works of researches have been conducted to develop assessment methods of structural integrity of PIP systems. Tang [3] proposed a simple method to determine SIFs for cracked PIPs including insulation material under tension and bending loads using a new concept of crack surface widening energy release rate and the principle of virtual work. Maligno [4] investigated the effects of surface crack depth on the overall structural integrity of subsea wellhead systems based on SIFs under cyclic bending load. However, these studies were performed narrowly as dealing with geometric variables such as crack length and wall thickness ratio of outer to inner pipes except for radius of pipes. Also, only axial tension and bending were applied as loading conditions without consideration of internal pressure.
In this paper, the tabulated solutions for the SIFs of PIPs were proposed based on a wide range of finite element (FE) analyses. As for loading conditions, internal pressure, axial tension and bending moment were considered. The circumferential TWC is assumed to be located in the inner pipe of PIPs. The FE results of the SIFs of PIPs were also compared with the existing solution of single-walled pipes to evaluate the restraint effect by the outer pipe, where the dimensions of single-walled pipes are assumed to be identical to those of the inner pipe of PIPs.
LINEAR ELASTIC FRACTURE MECHANICS ANALYSIS

Geometries
The structure of PIPs is more complicated than that of single-walled pipes, because of a casing pipe and some components such as spacers, bulkheads and insulation materials as shown in Fig. 1 . A chain of bulkheads, spacers and insulation materials are installed along the pipeline and should cause load transfers due to inter-restraints between inner and outer pipes of PIPs. Therefore, the restraint components located between the two pipes are one of the important factors to determine structural behavior of PIP systems [5, 6] .
In this paper, to simulate the load transfer between inner and outer pipes of PIPs in FE analyses, bulkheads were only taken into account as a connection component of the two pipes, because bulkheads are more dominant on the load transfer than spacers and insulation components [5~8] . The shape of the bulkhead was assumed as the cylindrical shape for model simplification, and all components such as the bulkheads and two pipes were modeled as one part to simulate fully connected condition.
Figure 1
Configurations of pipe-in-pipe components Fig. 2 shows the schematics of the PIP with circumferential TWC and the loading conditions employed in the present study. The mean radius of inner and outer pipes are denoted by Rm and Rm,o, respectively. The wall thickness of inner pipe is denoted by t, and that of outer pipe by to. In addition, half TWC angle and distance from bulkhead to crack are termed by θ and Lc, respectively. As for the loading conditions, internal pressure (p), axial tension (T) and bending moment (M) are considered.
To cover the practical range of the geometric variables related to the pipes and crack, Rm/t (=5, 10 and 20), Rm,o/Rm (=1.3, 1.5, 1.75 and 2), to/t (=0.25, 0.5 and 1), and θ/π (=0.125, 0.25, 0.375 and 0.5) were systematically varied except for the cases of very thin-walled outer pipe (Rm,o/to>40) which is rarely used in the energy industry as listed in Table 1 . For all cases, Lc/Rm was set to be a fixed value of 25, which means an enough distance to ignore the effects of bulkhead on the SIFs of PIPs. 
Finite Element Analysis
In order to calculate SIFs, Abaqus [9] , the commercial FE code, was utilized. The FE model for the PIP with circumferential TWC is depicted in Fig. 3 . The quarter model was adopted as applying symmetry condition. In order to avoid shear locking [9, 10] problems and save the computational time, the iso-parametric brick reduced integration element, C3D20R in Abaqus element library, was used. The same values of Young's modulus and Poisson's ratio were applied to the bulkhead, inner and outer pipes as the material properties.
For the axial tension, the corresponding distributed load is applied to the end of the pipes. For bending moment, all of the nodes on pipe end were constrained to the master node located at the center of the pipe end using MPC(multi-point constraints) option, and then bending moment was applied to the master node. For the internal pressure, the distributed load is applied to the inside surface of inner pipe together with the end-cap load at the end of the pipes. Actually, the end-cap load develops only on inner pipe of the PIP, but the axial load is transferred to outer pipe by bulkheads. Therefore, the end-cap load is applied to both inner and outer pipes in the present study. The end-cap load for the PIP was calculated as follows,
Half magnitude of internal pressure was applied in direction perpendicular to the crack face. The crack-tip was modeled to wedge shape collapsed elements with 10 contours. The SIF was calculated along the crack front using the domain integral method. The elastic J-integral obtained from FE results using the relation as follows,
where, Je denotes elastic J-integral that is calculated by averaging the values of 3 rd~8th contours from elastic FE results. 
Validation of FE model
Since the existing solutions for the elastic fracture mechanics parameters of PIPs are not applicable to our PIP model geometries for cracks and structures, the FE model of the only inner pipe part including cracks employed in the present study was importantly validated against the existing solution for circumferential through-wall cracked single-walled pipe subjected to axial tension and bending moment. Takahashi's solution [11] was used for the FE model validation for calculation of SIFs. The general form of SIF solution for singlewalled pipe with TWC is given as [12] ,
where, σ, Rm, θ and F denote the applied remote stress, mean radius, half crack length and SIF shape factor. The remote stress corresponding to applied loads for the pipes were determined as, There are maximum differences of 1.69% and 1.75% between the existing solution and the FE results for FT and FM, respectively, where the results shows the overall good agreement.
NEW ESTIMATION OF STRESS INTENSITY FACTOR FOR PIPE-IN-PIPES
Outer pipe factor for stress intensity factor
The SIFs for PIPs were defined using single-walled pipe solutions and correction factors as follows,
where, K PIP denotes the SIFs of PIP, and O denotes the outer pipe factors that are expressed as the ratio of SIF of PIP to single-walled pipe to quantify the restraint effect due to the outer pipe.
The values of outer pipe factors for the SIFs of PIPs are summarized in Table 2~4 depending on loading mode, where subscripts 'T', 'p' and 'M' denote axial tension, internal pressure and bending moment, respectively. 
Numerical Validation of Proposed Outer Pipe Factor
In order to validate the proposed solutions of outer pipe factors, the values of outer pipe factors are calculated using linear interpolation method as shown in Fig. 7 and compared with FE results for some cases listed in Table 5 .
The maximum differences between the the interpolated values of outer pipe factors and the FE results of OT, Op and OM are 2.0%, 2.5% and 5.3%, respectively, as summarized in Table  6~8 . Thus, the present solutions for outer pipe factors provide overall good agreement with the FE results. The proposed tabulated solutions of outer pipe factors are applicable to 5≤Rm/t≤20, 0.125≤θ/π≤0.5, 1.3≤Rm,o/Rm≤2, 0.25≤to/t≤1 and Rm,o/to≤40. 
CONCLUDING REMARKS
In the present study, the new estimation scheme for the SIFs of PIPs with circumferential TWC were proposed based on detailed 3-D FE analyses. As for loading conditions, internal pressure, axial tension and bending moment were considered. The geometric variables for PIPs affecting the SIF were systematically varied to cover a practical range of cases. Based on the present FE results, outer pipe factors were newly proposed to represent the restraint effect on the SIFs of PIPs. The validation of the proposed solutions was gained numerically by comparing the results from the FE analyses with those from the proposed solutions. By using the outer pipe factors, the SIFs of PIPs can be directly estimated from the existing SIF solutions for single-walled pipes.
Our results show the existing SIF solution of single-walled pipes represents too conservative estimations compared to those from FE results of PIPs for the loading conditions. Therefore, the outer pipe factors could be applied for more accurate predictions of the SIFs of PIPs with circumferential TWC that is postulated in the inner pipe.
